The behaviour of many physical and biological systems can be described in terms of a hyperbolic relationship between a measured response and a controlled variable. In biochemistry this is most often encountered in the field of enzyme kinetics. The steady-state kinetics of the great majority of the enzyme-catalysed reactions that have been studied are adequately described in terms (1), but his warning appears to have been totally ignored, and it was not until the work of Johansen & Lumry (1961) and Wilkinson (1961) that the statistical properties of the linear plots were seriously examined. These workers, and also Dowd & Riggs (1965) , showed that all three linear plots were statistically objectionable, and that the doublereciprocal plot was by far the worst.
In an attempt to avoid these difficulties, Wilkinson (1961) proposed a computational procedure for fitting experimental data to eqn. (1) directly. It is by no means clear that this approach is entirely satisfactory in practice, because it requires several unsupported assumptions to be made about the distribution of experimental error, as we discuss in the following paper (Cornish-Bowden & Eisenthal, 1974 number of values the median is taken as the mean of the middle two estimates. If there should exist any three lines that appear to intersect at a common point this point is treated as three points rather than one in finding the median, because there would be three intersection points if the resolution were sufficient to reveal them. Similarly, the common intersection of four lines is treated as six intersections, etc. The total number of intersections is always jn(n-1), except in the rare case where some lines are exactly parallel. But In the case where the observations are subject to error, it may be questioned whether it is right to give equal weight to all intersections in determining the best-fit values, Vand ki, since they are plainly not all equally precise. This is an important consideration, but in practice excellent results can be obtained without weighting, because the median of a sample, unlike the mean, is not greatly affected by weighting (Bowley, 1928 (8) where i is the inhibitor concentration, and Kg is the inhibition constant. In uncompetitive inhibition both VaPP. and K.PP vary with i, but in constant proportion, so that VaPP/K.'PP-is constant, and equal to V/Km. The direct linear plot distinguishes between these two cases in a very straightforward manner: if plots are made at various values of i, the common intersection point shifts parallel with the Km axis and away from the Vaxis as i is increased, if the inhibition is competitive, but directly towards the origin if the inhibition is uncompetitive. These two asymptotic cases are illustrated in Fig. 3 , together with the intermediate directions of shift characteristic of mixed inhibition. In a real experiment the common intersection point is not precisely defined, on account of experimental error, and so the exact direction in which it is shifted cannot be precisely determined. Thus it may be impossible to discriminate conclusively between mixed inhibition and any one of the pure inhibition types, i.e. competitive, pure non-competitive and uncompetitive inhibition. This is also of course true of all other plots, but it is seen particularly clearly in the direct linear plot, with a clear indication of the amount of uncertainty about the type of inhibition. An example is shown in Fig. 4, for Cornish-Bowden (1967) for the inhibition of the pepsin-catalysed hydrolysis of N-acetyl-3,5-dinitro-Ltyrosyl-L-phenylalanine by acetyl-L-phenylalanyl-Dphenylalanine at 37°C, pH2.1, are plotted. Full experimental details have been given by Knowles et al. (1969) . For each value of s, the higher value of v was observed in the absence of inhibitor, the lower value in the presence of 0.525mM-inhibitor. For each set of lines the point having the co-ordinates of the median estimates k.PP-and 1-app. is shown as a filled circle. mixed inhibition is consistent with the data, there can be little doubt that the inhibition is almost wholly competitive, and a much more precise and extensive experiment would be required to justify any alternative claim. Schlamowitz et al. (1969) have discussed the problem of discriminating between competitive inhibition and the limiting case of mixed inhibition, and have argued against the use of certain plots for diagnostic purposes. However, the difficulty is inherent in the definition ofcompetitive inhibition, and is not an artifact of the method of analysis. Consequently the direct linear plot is no more able to resolve this problem than any other plot, though it does give a clear indication of the amount of uncertainty.
Two-substrate reactions
The general equation for the steady-state velocity of an enzyme-catalysed reaction involving two substrates is shown in eqn. (9) Although this is strictly the equation for react which proceed through a ternary complex, the e tion for the substituted-enzyme (or Ping P mechanism may be obtained from eqn. (9) by pu K' = 0. In its general form, eqn. (9) is not suitabli plotting in two dimensions, but if one substrate centration is varied at a constant value of the ol it becomes of the form ofeqn.
(1). For example, i held constant and a is varied, eqn. (9) Notice that, although eqn. (12) defines a three-I meter hyperbola (i.e. one that does not pass thri the origin), eqns. (10), (11) and (13) The substituted-enzyme mechanism The appropriate equations for the substitutedenzyme mechanism may be obtained very simply by setting K' to zero in eqns. (9)-(13). Then it may be seen that a primary plot of V""PP against K,,,Pv-, and one secondary plot, of VagainstK, are possiblewhen a is the variable substrate, similar to those for ternary-complex mechanisms. A second secondary plot is not required, because VaPP-IK,KP. is independent of b (and equal to V/RK) for this mechanism.
Diagnostic applications in the two-substrate case
The primary plot of aPP-against K' PP can be used diagnostically to discriminate between the substituted-enzyme and ternary-complex mechanisms. Elimination ofb between eqns. (11) and (12) Cleland (1963) has advised that enzyme kinetic constants be evaluated by means of computer programs, but that the double-reciprocal plot of 1/v against 1/s be used to display results, to identify poor observations, and to detect lack of fit. This advice has been widely followed, but it leads to the very unsatisfactory consequence that, unless the results are unusually precise, there is very little relation between the method ofestimation and the method of display: kinetic constants determined by the method of Wilkinson (1961) do not in general appear to be correct when presented in the form of a doublereciprocal plot. Moreover, as we demonstrate in the following paper (Cornish-Bowden & Eisenthal, 1974) , the information provided by the doublereciprocal plot about the presence of poor observations can be so misleading as to be worthless. We can see nojustification for the continued use ofthe doublereciprocal plot for any purpose.
Dicussion
The direct linear plot has several advantages, not only over the double-reciprocal plot, but over the other well-known plots as well. Since it requires no calculation or mathematical tables, it is particularly convenient for routine use in the laboratory. In preliminary studies to determine the appropriate range of s values, the observations can be recorded on the plot as quickly as they are measured, revealing the approximate values of the kinetic constants almost instantaneously. Further, the location of the median involves counting rather than calculating, and so the graphical procedure can, with care, be an exact replica of the computational procedure.
The direct linear plot focuses attention directly on the values of V and Km (or other kinetic parameters), and provides more information about the uncertainty in these values than other plots. This has the consequence that it is difficult to avoid crowding when displaying the results of several experiments, where, for example, two concentrations have both been varied over several values. Although Fig. 4 demonstrates that two series ofobservations can be clearly displayed in one plot, that is likely to be the limit. So, for presenting results for publication, it is likely that one of the traditional plots will continue to be useful. The plot of s/v against s, with its analogues in multiplesubstrate studies, is probably the best for this purpose.
We have discussed the direct linear plot hitherto as a means of evaluating enzyme kinetic constants. But it can also be used as an aid in the planning of experiments: if the approximate values of the kinetic constants are known, one can draw a series of lines through the expected common intersection point, to assess the values of s needed to give selected values of v, or vice versa. The method is simple enough for this to be done as an experiment proceeds, so that one can readily use the first results to plan the remainder of the experiment. When this method is used it is advisable to begin with s values at the upper and lower ends of the intended range, to obtain a well-defined intersection point. The plot also provides a simple and quick method of simulating data for illustrative purposes.
The account of the direct linear plot in this paper has been confined to applications that are likely to be of general usefulness to enzymologists. There remain some possible applications that have not been discussed, e.g. in relation to integrated rate equations. In other areas of biochemistry, the direct linear plot can be applied to binding experiments, where it has advantages over conventional graphical methods (Scatchard, 1949) for estimation of binding parameters. These do not by any means exhaust the possibilities for a plot of this type: almost any equation of two parameters can be plotted in parameter space rather than observation space.
